1. Introduction {#s0005}
===============

Oxidation of cellular biomolecules with formation of carbonylated species occurs under numerous pathological conditions usually associated with overproduction or insufficient removal of reactive oxygen and nitrogen species (ROS and RNS). Carbonylation refers to a generic term describing oxidative modifications of proteins, lipids, carbohydrates and nucleic acids resulting in the introduction of aldehyde, ketone or lactam functional groups [@bib1]. Formation of carbonylated biomolecules was linked to a wide range of pathological conditions including metabolic, cardiovascular and neurodegenerative disorders, and numerous studies showed positive correlation between accumulation of carbonylated species and development or progression of disease, establishing biomolecules carbonylation as a marker of oxidative stress related pathologies [@bib2]. Thus, protein carbonyls are often used as a marker of redox dysregulation [@bib3]. Lipid-derived carbonyls usually arise from the oxidation of free or phospholipid-esterified polyunsaturated fatty acids. Among the best known markers of lipid-derived carbonyls are α,β-unsaturated aldehydes such as hydroxy-nonenal and hydroxy-hexenal formed by lipid peroxidation of ω-6 and ω-3 polyunsaturated fatty acids, respectively [@bib4]. Lipid-derived carbonyls represent a group of reactive electrophiles capable of modifying nucleophilic substrates including certain amino acid residues, leading to protein lipoxidation. Modified biomolecules often lose their functional activities and/or can change their sub-cellular localization [@bib5]. Moreover, oxidized biomolecules can form neoantigens and thus participate in development of autoimmune diseases [@bib6].

Since carbonylation is an irreversible modification which cannot be repaired by any known cellular enzymes, modified biomolecules need to be removed from the cells in order to prevent associated toxic effects. Cells have developed multiple ways of stress responses in conditions associated with accumulation of toxic products formed by modification of self-biomolecules. Carbonylated products of lipid-peroxidation can be removed via GSH conjugation, be reduced to alcohols or oxidized to less reactive carboxylic acids by variety of alcohol and aldehyde dehydrogenase enzymes present in the cell [@bib7], [@bib8]. Oxidized proteins are directed for proteasomal degradation, where oxidative stress activated 20S proteasomal system plays an important role providing fast ATP- and ubiquitin-independent removal of modified substrates [@bib9]. Furthermore, the role of autophagy-lysosomal pathways in the degradation of modified biomolecules was demonstrated in a number of studies [@bib10], [@bib11], [@bib12], [@bib13]. Autophagy is usually subdivided in three types including macroautophagy (involving the formation of autophagosomes; hereafter referred as autophagy), microautophagy (direct engulfment of cytosolic material by lysosomes), and chaperon-mediated autophagy [@bib14]. Autophagy, initially described to be activated by the lack of nutrients, is now recognized to be involved in a variety of cellular stress responses including hypoxia, DNA damage, viral infections, ER unfolded protein response, accumulation of damaged mitochondria and oxidative stress related pathologies [@bib15]. Moreover, it was demonstrated that ROS are immediately produced upon nutrient deprivation [@bib16], [@bib17]. Previously, we demonstrated that mild nitroxidative stress induced autophagy in rat primary cardiac cells in a time dependent manner. Moreover, in this model, inhibition of lysosomal proteases prevented stress resolution and degradation of carbonylated substrates [@bib18]. Here, we used primary cardiac cells in which autophagy was induced by 5 h starvation to monitor the effect of autophagy-lysosomal pathway inhibition on the accumulation of carbonylated species. Using specific inhibitors for each key step of the pathway (autophagosome formation, fusion with lysosome and its acidification, as well as inhibition of lipases and proteases) we have shown accumulation of carbonylated species in the form of droplet- or vesicle-like structures. To understand the effect of specific inhibitors on the regulation of the cellular proteome, we performed relative label free quantitative proteomics analysis and identified significant differences in proteome regulation by impairing each step of autophagy-lysosomal pathway.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Rat primary cardiac cells were purchased from Innoprot (Elexalde Derio, Spain). Dulbecco\'s Modified Eagle Medium/Ham\'s F-12 (DMEM/F12), fetal bovine serum (FBS), horse serum, penicillin-streptomycin, [L]{.smallcaps}-glutamine, non-essential amino acids, sodium pyruvate, attachment factor and phosphate buffered saline (PBS) were obtained from Life Technologies GmbH (Darmstadt, Germany). Trypsin-EDTA solution, 2′,7′-dichlorofluorescin diacetate (DCFDA), thiazolyl blue tetrazolium bromide (MTT), triton-X-100, DMSO, 7-(diethylamino)-coumarin-3-carbohydrazide (CHH), paraformaldehyde (PFA), Nile Red, thiourea, β-mercaptoethanol, hydrochloric acid, formic acid, ammonium bicarbonate, 2,4-dinitrophenyl hydrazine (DNPH), 3-methyladenine, chloroquine diphosphate salt, goat anti-DNP antibody, ExtrAvidin peroxidase were purchased from Sigma-Aldrich GmbH (Taufkirchen, Germany). Goat anti-HNE antibody (ab46544), goat anti-MDA antibody (ab27644) were from Abcam (Berlin, Germany). Peroxidase-conjugated donkey anti-goat antibody was from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA) and mouse E06 biotinylated mAb from Avanti Polar Lipids, Inc. (Alabaster, USA). 3-Morpholinosydnonimine (SIN-1), E64d and Orlistat were purchased from Enzo Life Sciences GmbH (Lörrach, Germany). Methanol, ethanol, urea, SDS, SDC, glycerol, sucrose and dithiothreitol (DTT) were obtained from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). Trypsin, glycine, bovine serum albumin (BSA), pepstatin A (pepA), Coomassie® Brilliant Blue G-250 and Tween® 20 were purchased from Serva Electrophoresis GmbH (Heidelberg, Germany). Iodoacetamide (IAA), Tris, HEPES and EDTA were purchased from Applichem GmbH (Darmstadt, Germany). Low fluorescence PVDF membranes, protein free blocking solution (AdvanBlock™), washing solution (AdvanWash™) and WesternBright™ Sirius HRP substrate were obtained from Advansta Inc. (Biozym Scientific GmbH, Hessisch Oldendorf, Germany). Acetonitrile (ULC-MS grade) and formic acid were purchased from Biosolve (Valkenswaard, Netherlands).

2.2. Cell culture {#s0020}
-----------------

Primary rat cardiac cells (Innoprot, Elexalde Derio, Spain) were cultured on gelatine-coated 75 cm^2^ flasks or 96-well-plates (CELLSTAR®, Greiner Bio-One GmbH, Frickenhausen, Germany) in DMEM/F12 medium supplemented with 20% FBS, 5% horse serum, 2 mmol/L [L]{.smallcaps}-glutamine, 3 mmol/L sodium pyruvate, 0.1 mmol/L non-essential amino acids, 100 U/mL penicillin and 100 µg/mL streptomycin at 37 °C (humidified atmosphere of 5% CO~2~ and 95% air). When cells reached 80% confluence, they were washed with warm PBS, and cultured for 5 h in the absence (starved control) or presence of inhibitors (1 mmol/L 3-methyladenine, 10 µmol/L chloroquine, 25 µmol/L orlistat, or 5 µg/mL E64d with 5 µg/mL Pepstatin A) in non-supplemented DMEM/F12 medium. For mild nitroxidative stress induction in selected conditions, SIN-1 (50 μmol/L) was added for the last 30 min of incubation.

2.3. DCFDA assay {#s0025}
----------------

Rat cardiac cells were seeded on a black 96-well plate (20,000 cells per well), grown overnight, washed with PBS and incubated with 10 µmol/L DCFDA in transparent DMEM/F12 medium (1 h, 37 °C). After loading cells were washed with PBS, incubated in transparent DMEM/F12 medium (1 h, 37 °C), and treated with SIN-1 (50 μmol/L; in transparent DMEM/F12). Fluorescence (Ex = 485 nm, Em = 535 nm) was recorded every 3 min for 6 h at 37 °C using Paradigm™ Detection Platform (Beckman Coulter GmbH, Krefeld, Germany).

2.4. MTT assay {#s0030}
--------------

Rat cardiac cells were seeded on a 96-well plate (20,000 cells per well), grown overnight, washed with PBS and cultured in the absence or presence of inhibitors and SIN-1 as described above. After 5 h treatment medium was changed to 1.2 mmol/L MTT in transparent DMEM/F12 (4 h, 37 °C). After incubation SDS (5%, w/v) and HCl (0.005%, v/v) was added and incubated overnight (37 °C). Absorbance was measured at 562 nm (reference 690 nm) with a Paradigm™ Detection Platform (Beckman Coulter GmbH, Krefeld, Germany).

2.5. Fluorescence microscopy {#s0035}
----------------------------

Primary rat cardiac cells were grown on 96-well-plates till 80% confluence, medium was exchanged to non-supplemented DMED/F12 with or without inhibitors. After the treatment, cells were fixed with paraformaldehyde (4%, w/v, in PBS; 15 min), washed (PBS, two times), incubated with CHH (0.2 mmol/L, 2 h, RT), washed (PBS, three times), staining with Nile Red (1:1000, 1 mg/mL in DMSO, 10 min, 37 °C), washed (PBS, three times), and images were acquired using an inverted fluorescence microscope (DMI6000B, Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany), equipped with 20 × (NA 0.40) and 40× objectives (NA 0.60), a 12 V/100 W halogen lamp as light source and a Leica DFC360FX camera. Images were acquired with Leica Application Suite (LAS AF) microscope software (version 2.3.0). For Nile Red and CHH images were acquired using λex= 552/λem= 578 and λex= 359/λem= 461, respectively. For confocal fluorescence microscopy experiments cells were cultured on glass-bottom 12-well dishes (Mattek Corporation, Ashland, MA). Images from single confocal sections were acquired every 0.5 µm using Leica SP5 microscope (63× magnification) and the corresponding overlays are shown.

2.6. Image analysis {#s0040}
-------------------

CHH fluorescence intensity was determined by analysing the corrected total cell fluorescence (CTCF) with the Fiji implementation of imageJ [@bib19]. CTCF is calculated by measuring the integrated density and subtracting the cell area multiplied for the background. CTCF = Integrated Density -- (Cell Area × Mean Background Fluorescence). In total CTCF values were calculated for 100 cells for each condition selected from at least 9 images acquired from 3 independent replicates. Nile Red positive structures were quantified with ImageJ plugin Lipid Droplet Counter for at least 20 cells for each experimental condition. Mann-Whitney nonparametric *t*-test was performed using GraphPad Prism version 5.02 for Windows, GraphPad Software, San Diego California USA.

2.7. Protein extraction {#s0045}
-----------------------

For cell pellets collections, cells were grown in 75 cm^2^ flasks. Immediately after treatment cells were washed with PBS and collected by trypsinization (3 min). Cell pellets were washed in cold PBS and stored in −80 °C until analysis. For protein extraction, cell pellets were resuspended in 100 µL of lysis buffer (7 mol/L urea, 2 mol/L thiourea, 1% SDC in 50 mmol/L Tris-HCl, pH 7.5), sonicated on ice for 1 min using a Vibra-Cell™ tip sonicator (20 kHz, 1 min with on/off pulse, 5 s each, 30% amplitude; Sonics & Materials, Inc., Newtown, CT, USA), centrifuged at 10,000 g for 35 min and supernatant were collected. Bradford assay [@bib20] was used to determine the protein concentration. Protein amount normalization was confirmed by SDS-PAGE stained with Coomassie Blue.

2.8. Western Blot {#s0050}
-----------------

Proteins (10 μg) in lysis buffer were mixed with Laemmli sample buffer (62.5 mmol/L Tris-HCl pH 6.8, 20% v/v glycerol, 2% w/v SDS, 5% v/v ß-mercaptoethanol, 0.01% w/v bromophenol blue) and separated by SDS-PAGE (12% T, 0.75 mm). Proteins were blotted on a low-fluorescence polyvinylidene difluoride (PVDF) membrane using semidry Trans-Blot Turbo Transfer System (BioRad Laboratories GmbH, München, Germany). To visualize carbonyls (oxyblot) membranes were equilibrated (2 M HCl; 10 min), derivatized with DNPH (0.1 mg/mL in 2 M HCl, 5 min, RT), washed with 2 M HCl (10 min) and methanol (5 min, 5 times). Membranes were blocked overnight (4 °C, Immunoblot Blocking solution; AdvanBlock, Advansta), incubated with goat anti-DNP Ab (1:10,000 in blocking buffer, 1 h, RT), and washed (Immunoblot Washing solution, AdvanWash, Advansta). Membranes were incubated (1 h, RT) with peroxidase-conjugated donkey anti-goat Ab (1:10,000, in AdvanBlock, Advansta). To visualize HNE, MDA and oxidized phosphocholine adducts, protein were blotted on a PVDF membrane and blocked (AdvanBlock, Advansta) for 1 h at room temperature. Membranes were incubated with goat anti-HNE Ab (1:10,000; in blocking buffer, overnight, 4 °C), goat anti-MDA Ab (1:5 000; in blocking buffer, overnight, 4 °C), or mouse E06 mAb-TopFluor (1:500, in AdvanBlock, Advansta). Membranes were washed (Immunoblot Washing solution, AdvanWash, Advansta) and either probed with peroxidase-conjugated donkey anti-goat Ab (1:10,000, in AdvanBlock, Advansta) or ExtrAvidin - Peroxidase (1:5000). Membrane were visualized using WesternBright Sirius HRP substrate (Advansta) and images were acquired using Chemidoc™ MP (BioRad Laboratories GmbH, München, Germany).

2.9. Protein digestion {#s0055}
----------------------

Proteins (50 μg) in lysis buffer were digested according to Filter Aided Sample Preparation (FASP) protocol [@bib21]. Briefly, proteins were reduced with DTT (100 mmol/L, 1 h, RT), transferred onto Microcon centrifugal filters (30 kDa cut-off), centrifuged at 14,000 g, alkylated with iodoacetamide (50 mmol/L, 20 min in the dark), washed two times with urea buffer (8 mol/L Urea, 100 mmol/L TrisHCl, pH 8.5) and two times with ammonium bicarbonate buffer (50 mmol/L) before digestion with trypsin (1:25, enzyme to protein ratio, w/w; overnight at 37 °C in a humidified environment). Peptides were recovered in ammonium bicarbonate buffer (50 mmol/L), dissolved (250 ng/µL) in aqueous acetonitrile (3%, v/v) and used for LC-MS analysis.

2.10. Mass spectrometry analysis {#s0060}
--------------------------------

A nano-Acquity UPLC (Waters GmbH, Eschborn, Germany) was coupled online to an LTQ Orbitrap XL ETD mass spectrometer equipped with a nano-ESI source (Thermo Fischer Scientific, Bremen, Germany). Eluent A was aqueous formic acid (0.1% v/v), and eluent B was formic acid (0.1% v/v) in acetonitrile. Samples (10 µL) were loaded onto the trap column (nanoAcquity symmetry C18, internal diameter 180 µm, length 20 mm, particle diameter 5 µm) at a flow rate of 10 µL/min. Peptides were separated on BEH 130 column (C18-phase, internal diameter 75 µm, length 100 mm, particle diameter 1.7 µm) with a flow rate of 0.4 µL/min. Peptides were separated using three steps gradients from 3% to 35% eluent B over 91 min, from 35% to 85% B over 4 min and then maintained at 85% of eluent B over 5 min. After an equilibration time of 20 min samples were injected every 120 min. The transfer capillary temperature was set to 200 °C and the tube lens voltage to 120 V. An ion spray voltage of 1.5 kV was applied to a PicoTip online nano-ESI emitter (New Objective, Berlin, Germany). The precursor ion survey scans were acquired at an orbitrap (resolution of 60,000 at *m/z* 400) for a *m/z* range from 400 to 2000. CID-tandem mass spectra (isolation width 2, activation Q 0.25, normalized collision energy 35%, activation time 30 ms) were recorded in the linear ion trap by data-dependent acquisition (DDA) for the top six most abundant ions in each survey scan with dynamic exclusion for 60 s using Xcalibur software (version 2.0.7).

For relative label free protein quantification.raw files were uploaded into Progenesis QI for proteomics (Waters GmbH, Eschborn, Germany) for feature detection, alignment, and quantification. Proteins were identified using Progenesis QI generated.mgf file by Sequest (Proteome Discoverer 2.2, Thermo Fisher Scientific) with the following parameter set: maximum of two missed cleavage sites, peptide mass tolerance of 10 ppm, peptide fragment tolerance of 0.8 Da, variable modifications for oxidation of Met and carbamidomethylation of Cys. Protein identification results (at least three rank 1 peptides per protein) were imported back into Progenesis QI and used for protein quantification using non-conflicting peptides. Functional annotation of regulated proteins (ANOVA p \< 0.05) was performed using DAVID Bioinformatics Resources 6.8 [@bib22].

3. Results and discussion {#s0065}
=========================

Previously, using a cardiac cell culture model of mild nitroxidative stress achieved by treatment with SIN-1, we demonstrated an increase in intracellular carbonylation associated with a strong perinuclear clustering [@bib18]. Furthermore, cells were capable to remove accumulated carbonyls 16 h after stress exposure. Complementary analysis of protein and lipid carbonylation showed the dynamic nature of this oxidative modification. At the early time point upon stress induction we demonstrated an increase in carbonylated LPPs followed by a shift of the carbonyl specific signal to the protein fraction at later time points. Moreover, SIN-1-induced lipid peroxidation was associated with autophagy induction accompanied by the appearance of droplet-like structures. Here, we have extended our study to monitor biomolecules turnover under starvation and mild oxidative stress by inhibiting different stages of the autophagy-lysosomal degradation pathway.

3.1. Model characterization {#s0070}
---------------------------

To monitor accumulation and subcellular distribution of carbonylated biomolecules upon starvation and to establish the role of the autophagy-lysosomal flux in biomolecules turnover, rat primary cardiac cells were cultured in serum free medium for 5 h in the absence or presence of specific inhibitors. Four different inhibitors along the autophagy-lysosomal degradation pathway were used in the study including 3-methyladenine, chloroquine, orlistat and a combination of E64 and pepstatin A ([Fig. 1](#f0005){ref-type="fig"}A). 3-Methyladenine (3-MA) is blocking autophagosome formation via the inhibition of type III phosphatidylinositol-3-kinases [@bib23], [@bib24]. Chloroquine blocks the autophagic flux by impairing fusion between autophagosome and lysosome [@bib25], although it can inhibit lysosomal degradation by impairing lysosomal acidification and elicit the fusion of varied endolysosomal compartments [@bib26]. Orlistat is a well know inhibitor of cellular lipases [@bib27], [@bib28]. In turn, E64 and pepstatin A inhibit cysteine and aspartic acid proteases, respectively [@bib29], [@bib30]. Finally, to investigate the effect of mild nitroxidative stress on the turnover of modified biomolecules, SIN-1 (50 mmol/L) was used to challenge the cells during the last 30 min of starvation and inhibitors treatment ([Fig. 1](#f0005){ref-type="fig"}B). A thirty min SIN-1 treatment was chosen based on the results of a DCFDA assay which demonstrated maximal free radicals production at this point, in good correspondence with the previously reported half-life for SIN-1 in aqueous medium ([Fig. S1A](#s0110){ref-type="sec"}) [@bib31], [@bib32]. Treatment time as well as inhibitors concentrations were optimized for rat primary cardiac cells to obtain a viable cell model without significant increase in cell death over the experimental time points ([Fig. S1B](#s0110){ref-type="sec"}).Fig. 1Schematic representation of the treatment conditions used to study effects of autophagy-lysosomal pathway inhibitors (A) in rat primary cardiac cell culture model of starvation and nitroxidative stress (B).Fig. 1

3.2. Cellular carbonylation {#s0075}
---------------------------

Cellular carbonylation was analysed by fluorescence microscopy using specific membrane permeable coumarin hydrazide derivative CHH ([Fig. 2](#f0010){ref-type="fig"}A) [@bib33]. Starvation alone resulted in a mild increase of cellular carbonyls by 20% compared to the cells cultured in the full media ([Fig. 2](#f0010){ref-type="fig"}B). That is not surprising since starvation and autophagy induction are generally known to induce production of reactive oxygen species [@bib34], [@bib35]. A short pulse of SIN-1 treatment for the last 30 min of starvation further increased total cellular carbonylation by another 10%. Sub-cellular distribution of carbonylated species was similar to the previous reports on different cellular models of oxidative stress [@bib18], [@bib33], [@bib36]. Thus, majority of the fluorescence signal was localized in the perinuclear area with a weaker distribution of carbonyl specific staining along filamentous structures distributed over the whole cell volume ([Fig. 2](#f0010){ref-type="fig"}A). Indeed, in our previous work focused on the identification of carbonylated proteins in cardiac cells, a significant number of oxidized proteins was attributed to the cell cytoskeleton and its regulation [@bib18].Fig. 2Fluorescence microscopy of cellular carbonyls labelled with CHH. Primary rat cardiac cells were cultured in serum-free medium in the absence or presence of inhibitors (for 5 h) and SIN-1 (50 µmol/L, 30 min), fixed with 4% PFA and labelled with CHH (0.2 mmol/L, 2 h). (A) Images are representatives of three independent experiments performed in triplicates. Scale bars 25 µm. (B) Carbonylation levels (given in corrected total cell fluorescence, CTCF) were evaluated by CHH fluorescence microscopy and images were quantified with ImageJ. Data are shown as means ± SEM (\* p \< 0.05, \*\* p \< 0.001, \*\*\* p \< 0.0001 vs. starved control; Mann-Whitney nonparametric *t*-test) of 100 cell images obtained from three independent experiments.Fig. 2

Treatment of cells with 3-MA during the 5 h starvation period did not result in significant changes in the total cellular carbonylation. Thus, 3-MA treatment alone or in combination with a short pulse of SIN-1 resulted in 18% and 27% increase in total cellular carbonylation respectively, in comparison to the cells cultured in the full medium.

Treatment with chloroquine resulted in much higher levels of total cellular carbonyls corresponding to the increase of 43% relative to the cells cultured in the full medium or 22% relative to the starved control cells ([Fig. 2](#f0010){ref-type="fig"}B). Multiple droplet or vesicle-like structures with high intensity of carbonyl specific signal were observed in chloroquine treated cells. Furthermore, association of carbonylated droplets with filamentous structures was even more evident ([Fig. 2](#f0010){ref-type="fig"}A). Pulse of SIN-1 treatment further increased total cellular carbonylation by another 30%, corresponding to the increase of 54% relative to the starved control cells. SIN-1 treatment also induced changes in sub-cellular distribution of carbonylated species leading to the denser distribution of carbonyl specific staining in the perinuclear area.

Exposure of starved cells to the lipase inhibitor orlistat resulted in droplet-like carbonyl positive staining distributed all over the cell volume without visible filamentous distribution. SIN-1 treatment of orlistat exposed cells induced perinuclear accumulation and closer association with filamentous structures. Increase in total cellular carbonylation corresponded to 70% and 79% for orlistat without and with SIN-1, respectively.

Finally, treatment with E64/pepstatin A provided even higher levels of total cellular carbonyls (74% and 100% increase for protease inhibitors without and with SIN-1 pulse, respectively, relative to starved control cells). In this case also droplet-like structures were observed with stronger accumulation around the nucleus and association with filamentous structure along the cell length. The final incubation with SIN-1 did not induce detectable changes in the distribution of carbonyl specific signals.

3.3. Accumulation of Nile Red-positive structures (NRS) {#s0080}
-------------------------------------------------------

Since treatment with inhibitors resulted in accumulation of carbonyl specific signals mainly in droplet- or vesicle-like structures, we decided to the evaluate accumulation of lipids in starved cardiac cells using Nile Red staining specific for neutral lipids like triacyl glycerides (TGs) and cholesteryl esters ([Fig. 3](#f0015){ref-type="fig"}A). In cells starved for 5 h without and with SIN-1 pulse, minimal Nile Red staining was visible around the nucleus together with a few NRS present in the cytoplasm. 3-MA treatment did not result in significant changes in NRS numbers, intensity or distribution. However, chloroquine treatment resulted in significant accumulation of Nile Red positive structures. Large number of NRS accumulated upon 5 h chloroquine exposure with and without SIN-1 pulse. Interestingly, NRS often showed a longitudinal arrangement resembling the distribution of filamentous structures seen with CHH staining. Orlistat treatment also provoked high number of NRS distributed all over the cell volume with a higher density in the perinuclear space. Similar to CHH staining, SIN-1 pulse at last 30 min of orlistat treatment led to more longitudinal NRS distribution. For E64/pepstatin A treatment NRS accumulation was characteristic as well, with small perinuclear and filament-associated droplets. Quantification of the NRS surface area relative to the total cell area showed a significant increase of to 35% for chloroquine, orlistat and E64/pepstatin treatment with or without SIN-1 ([Fig. 3](#f0015){ref-type="fig"}B). Furthermore, for chloroquine, SIN-1 treatment resulted in a significant increase of NRS surface areas in relative to inhibitors alone.Fig. 3Fluorescence microscopy of Nile Red-positive structures (NRS). Primary rat cardiac cells were cultured in serum-free medium in the absence or presence of inhibitors (for 5 h) and SIN-1 (50 µmol/L, 30 min), fixed with 4% PFA and labelled with Nile Red (1:1000, 1 mg/mL in DMSO, 10 min, 37 °C). (A) Images are representatives of three independent experiments performed in triplicates. Scale bars 25 µm. (B) NRS (given in percent of droplet surface area relative to the cell surface are) were quantified with ImageJ plugin Lipid Droplets Counter. Data are shown as means ± SEM (\* p \< 0.05, \*\* p \< 0.001, \*\*\* p \< 0.0001 vs. starved control; Mann-Whitney nonparametric *t*-test) of 20 cell images obtained from three independent experiments. (C) Number of NRS (provided relative to a cell area of 5000 µm^2^) quantified by ImageJ plugin Lipid Droplets Counter. Data are shown as means ± SEM (\* p \< 0.05, \*\* p \< 0.001, \*\*\* p \< 0.0001 vs. starved control; Mann-Whitney nonparametric *t*-test) of 20 cell images obtained from three independent experiments.Fig. 3

Comparison of NRS size ([Fig. 3](#f0015){ref-type="fig"}B) and number per cell ([Fig. 3](#f0015){ref-type="fig"}C) showed that relative to orlistat and E64/pepstatin A, exposure to chloroquine resulted in lower number of NRS, however their total area was comparable to the NRS areas of droplets formed after exposure to lipase and protease inhibitors, indicating formation of larger NRS upon chloroquine treatment. Furthermore, for all three inhibitors, SIN-1 treatment induced larger NRS although not increasing their number ([Fig. 3](#f0015){ref-type="fig"}B and C).

To illustrate the possible colocalization between carbonyl and NRS staining in chloroquine, orlistat and E64/pepstatin A treated cells, we performed confocal microscopy experiments ([Fig. 4](#f0020){ref-type="fig"}A and B). We observed a good coincidence of the CHH and Nile Red signals in chloroquine treated cells, whereas after SIN-1 pulse a portion of Nile Red staining closer to the nucleus did not show overlap with CHH staining. For orlistat exposure, NRS distributed throughout the whole cell volume showing a variable degree of coincidence with carbonyl-specific fluorescence. SIN-1 treatment resulted in perinuclear accumulation of overlapping CHH and Nile Red signals. In case of protease inhibitors good coincidence for carbonyl and NRS signals was visible without and with SIN-1 exposure.Fig. 4Confocal microscopy of CHH and Nile Red-positive structures (NRS). Primary rat cardiac cells were cultured in serum-free medium in the absence or presence of inhibitors (for 5 h) and SIN-1 (50 µmol/L, 30 min), fixed with 4% PFA (w/v), labelled with CHH (0.2 mmol/L, 2 h) and labelled with Nile Red (1:1000, 1 mg/mL in DMSO, 10 min, 37 °C). (A) Single sections from the individual channels and the corresponding overlays (merged) are shown. Images are representative of two independent experiments. Scale bars 20 µm. (B) Fluorescence intensity profiles of the CHH (green) and Nile Red (red) signals along the dotted line marked in (A).Fig. 4

3.4. Western blot analysis {#s0085}
--------------------------

A significant increase in cellular carbonylation upon starvation in the presence of chloroquine, orlistat and E64/pepstatin A and SIN-1 can be attributed to both lipid and protein oxidation. Protein carbonylation is a generic term for products of different reactions resulting in formation of protein bound carbonyl groups like aldehydes, ketones and lactams [@bib37]. These protein bound carbonyls can be very different in structure and be formed via several pathways including direct oxidation of amino acid residues (e.g. formation of aminoadipic semialdehyde via oxidative deamination on ε-amino group of lysine residues), Michael adducts formation between reactive α,β-unsaturated carbonyls formed by lipid peroxidation (e.g. 4-hydroxy-nonenal adducts on lysine, cysteine and histidine residues), and reaction with dicarbonyl compounds formed by lipid peroxidation, glucose autooxidation, or metabolic reactions (e.g. glyoxal and malondialdehyde adducts on lysine and arginine residues) [@bib1], [@bib38], [@bib39].

To evaluate the contribution of protein-derived carbonylation upon cell starvation, inhibitors treatments and SIN-1 priming, protein extracts were probed using oxyblot, anti-hydroxynonenal (anti-HNE), anti-malondialdehyde (anti-MDA), and EO6 antibody based immunodetection. Oxyblot analysis relays on the reaction of protein bound carbonyl groups with dinitrophenylhydrazine (DNPH), by a reaction mechanism similar to coumarine hydrazide-based derivatization used for the fluorescence microscopy experiments, and thus should address the total level of protein carbonylation in the system under the study. However, no significant differences in total protein bound carbonyls were observed between studied conditions by oxyblot analysis ([Fig. 5](#f0025){ref-type="fig"}A). A mild, however not statistically significant, increase in the intensity of the signals corresponding to the bands around 50 kDa and 35 kDa was evident for 3-MA, orlistat and E64/pepstatin treatment conditions. Indeed, in our previous model of SIN-1 treatment of rat cardiac cells, an increase in protein carbonylation upon different treatment time points was evident for the protein bands of the similar molecular weights [@bib18].Fig. 5Western Blot analysis of protein carbonylation using (A) oxyblot, (B) anti-MDA, (C) anti-HNE, and (D) anti-oxPC antibodies. Primary rat cardiac cells were cultured in serum-free medium in the absence or presence of inhibitors (for 5 h) and SIN-1 (50 µmol/L, 30 min), cell pellets were collected and used for protein extraction. 10 μg of proteins (normalized after measuring protein concertation and controlled by SDS-PAGE) from each experimental condition were separated by SDS-PAGE, blotted to PVDF membrane and probed with corresponding antibodies. Quantification of total protein carbonylation was performed from three independent experiments ± SEM. Image is representative of three independent experiments.Fig. 5

Then we used antibodies against protein adducts with HNE and MDA, a two well know products of lipid peroxidation, capable of forming carbonylated (via Michael addition) and non-carbonylated (via Schiff base formation) adduct with nucleophilic amino acid residues in proteins. Visualized protein band patterns were similar for both anti-HNE and anti-MDA western blot images ([Fig. 5](#f0025){ref-type="fig"}B and C), however both were quite different in comparison to oxyblot detection of total carbonylation. The most intense signals appeared for the bands with molecular weight between 10 and 20 kDa. For both immunoblots the only condition with noticeable, but still not statistically significant, difference versus starved control cells was E64/pepstatin A treatment. Interestingly, SIN-1 challenge did not result in increased detection of HNE/MDA-protein adducts.

Finally, we used EO6 natural antibodies, known to recognize the head group of oxidized phosphatidylcholine lipids, to visualize any oxPC-protein adducts ([Fig. 5](#f0025){ref-type="fig"}D) [@bib40]. Lipid peroxidation can result in oxidative truncation of unsaturated fatty acyl residues in PC lipids with the formation of lipid-bound aldehydes. Such PC-bound aldehydes can react with accessible nucleophilic amino acid residues either via Schiff base or Michael addition mechanism depending on the structure of truncated fatty acyl residue. Similar to anti-MDA and anti-HNE western blots, E64/pepstatin A treated samples showed increased intensity for the bands between 10 and 20 kDa. Additionally, increased intensity was observed for the bands between 20 and 25 kDa.

Overall, western blot analysis was used to detect four different protein modifications associated with carbonylation, namely total carbonylation levels (oxyblot), Michael adducts with α,β-unsaturated aldehyde 4-HNE derived from lipid peroxidation, adducts with dicarbonyl compound malondialdehyde, and adducts with lipid aldehydes esterified to PC lipids. A detectable, but still not statistically significant accumulation of modified proteins was observed only in the case of cells treated with E64/pepstatin. Additional treatment with SIN-1 did not result in an increase of the carbonylation signal. It is not surprising that inhibition of cysteine and aspartic acid proteases results in attenuation in modified proteins turnover and accumulation of modified products. Interestingly, treatment with chloroquine and orlistat, although characterized by a significant accumulation of carbonylated products in the form of NRS, did not induce an increase in protein carbonylation and thus intense accumulation of carbonylated molecules under those conditions could be possibly attributed to lipid oxidation and/or any other protein-bound carbonyls not screened in this study.

Patterns of positively stained protein bands were quite similar for all three anti-LPP antibodies used in this study (anti-HNE, -MDA, and -oxPC), whereas oxyblot analysis resulted in quite different distribution of the signals. Interestingly, most of the LPP-protein adducts were detected for the proteins with a low molecular weight between 10 and 20 kDa.

3.5. Effect of autophagy-lysosomal flux inhibitors on proteome regulation in rat cardiac cells {#s0090}
----------------------------------------------------------------------------------------------

To understand the effect of the different inhibitors on the regulation of cellular fate we performed analysis of proteome regulation using a bottom-up proteomics approach. First, we compared regulation of the proteomes between cells cultured in full medium or starved for 5 h to exclude the influence of starvation alone when comparing the effect of the inhibitors ([Table S1](#s0110){ref-type="sec"}). Overall, 35 and 25 proteins were up- or downregulated upon starvation (ANOVA p \< 0.05), respectively. Analysis using DAVID functional annotation tool [@bib22], [@bib41] revealed enrichment of seven KEGG pathways ([Table 1](#t0005){ref-type="table"}). Metabolic pathways showed the most significant enrichment. Indeed, starvation alone resulted in upregulation of several mitochondrial proteins involved in metabolism (aspartate and ornithine aminotransferases, subunit of pyruvate dehydrogenase complex) and energy production (beta and gamma subunits of ATP synthase). Cell starvation resulted in downregulation of several protein kinases including A-raf, Akt1, and PI3K-beta. On the other hand, adenylate cyclase 3 was shown to be upregulated by cell starvation. Regulation of these key signalling proteins resulted in enrichment of HIF-1, ErbB and adrenergic signalling pathways as well as lipolysis regulation. Among downregulated proteins (0.6-fold relative to full media control) was sequestosome-1 protein, also known as ubiquitin-binding protein p62, responsible for cargo targeting for autophagic degradation. Downregulation of sequestosome-1 is a well-known hallmark of autophagy activation leading to protein degradation upon delivering its cargo to the autophagosome [@bib42]. Indeed, sequestosome-1 was downregulated in all studied conditions except E64/pepstatin treatment alone or in combination with SIN-1. Interestingly, oxysterol-binding protein-related protein 1, lipid binding protein associated with autophagy induction in yeasts [@bib43], was slightly upregulated upon starvation.Table 1Functional annotation analysis of differentially regulated proteins in rat primary cardiac cells upon 5 h starvation in the absence and presence of inhibitors of the autophagy-lysosomal pathway and SIN-1 treatment.Table 1**KEGG pathway\# of proteinsp-valueStarvation alone (60 regulated proteins)**Metabolic pathways124.8E-3HIF-1 signalling pathway46.6E-3Adrenergic signalling in cardiomyocytes41.7E-2Regulation of lipolysis in adipocytes32.0E-2Central carbon metabolism in cancer32.3E-2Biosynthesis of amino acids33.8E-2ErbB signalling pathway34.9E-2**3-MA and SIN-1 (84 regulated proteins)**No significant enrichment**Chloroquine and SIN-1 (185 regulated proteins)**Parkinson\'s disease93.3E-4Insulin signalling pathway68.4E-3cGMP-PKG signalling pathway64.5E-2Starch and sucrose metabolism34.9E-2**Orlistat and SIN-1 (143 regulated proteins)**Parkinson\'s disease53.1E-2cGMP-PKG signalling pathway54.4E-2**E64/pepstatin and SIN-1 (350 regulated protein)**Tight junction131.6E-4Vascular smooth muscle contraction121.7E-4Alzheimer disease144.7E-4Oxytocin signalling pathway135.0E-4Sphingolipid signalling pathway118.4E-4Insulin signalling pathway112.1E-3cGMP-PKG signalling pathway122.8E-3Neurotrophin signalling pathway103.5E-3HIF-1 signalling pathway93.7E-3Ras signalling pathway144.6E-3Central carbon metabolism in cancer74.4E-3Fatty acid degradation65.4E-3Regulation of actin cytoskeleton136.7E-3Adherent junction78.4E-3Endocytosis151.0E-2Focal adhesion121.3E-2PI3K-Akt signalling pathway161,8E-2Phosphatidylinositol signalling system72.9E-2

Further we compared differences in proteome regulation between starved control and each inhibitor with or without SIN-1 challenge. 3-MA treatment resulted in significant regulation of 84 proteins ([Table S2](#s0110){ref-type="sec"}). All proteins upregulated for 3-MA treatment were upregulated upon combined 3-MA and SIN-1 exposure as well, indicating a leading role of inhibitor itself in the observed responses. However, functional annotation analysis of proteins regulated under these conditions did not show any significant pathways enrichment.

Strong upregulation of BAG5 protein was observed in SIN-1 (1.9-fold), 3-MA (2.1-fold) and 3-MA/SIN1 (2.0-fold relative to starved control) treated cells indicating increase in BAG protein level upon stress induction independent of the trigger. Indeed, BAG family proteins play an important role in cardiac function and their differential regulation was related to several pathologies. BAG5 expression in cardiomyocytes was significantly increased by ER stress. Furthermore, protein knockdown resulted in cell death. The role of BAG5 protein in regulation of GRP78 protein stability during ER stress was proposed [@bib44]. Several other proteins were shown to be stabilized by BAG5 chaperon in different stress conditions. Thus, BAG5 was shown to stabilize PINK1 kinase during mitochondrial oxidative damage [@bib45]. Interaction of BAG5 with DJ-1 protein during mitochondrial oxidative damage was shown to inhibit DJ-1 protective effects [@bib46]. Another strongly upregulated protein (2.5- and 1.8-fold after 3-MA and 3-MS/SIN-1 treatments) was tumour protein 53-induced nuclear protein 1 (TP53INP1), a well-known stress protein with antioxidant associated tumour suppressive function. TP53INP1 is overexpressed during cellular stress response. In addition to its function in mediating p53 antioxidant activity, TP53INP1 acts as a positive regulator of autophagy through interactions with LC3 and ATG8-family proteins [@bib47].

Chloroquine treatment alone or in combination with SIN-1 resulted in differential regulation of 185 proteins ([Table S3](#s0110){ref-type="sec"}). Here the direction of protein regulation (up or down) was driven by chloroquine treatment itself for the majority the proteins as well. Functional annotation analysis demonstrated enrichment of four KEGG pathways ([Table 1](#t0005){ref-type="table"}), including Parkinson\'s disease, insulin and cGMP-PKG signalling pathway, and starch and sucrose metabolism. Enrichment of Parkinson\'s disease pathway was mostly driven by the presence of several mitochondrial proteins involved in oxidative phosphorylation and pro-apoptotic signalling, as well as protein kinase A. Interestingly, six proteins involved in insulin signalling pathway were shown to be regulated upon chloroquine and SIN-1 treatment, including insulin receptor substrate 1 (Irs1; 0.8- and 0.3-fold), protein tyrosine phosphatase PTPN1 (0.9- and 0.6-fold), two subunits of protein kinase A (0.7- and 0.3-fold for Prkacb; 1.0- and 0.5-fold for Prkar1a), and hexokinase I (1.0- and 0.6-fold for chloroquine alone or in combination with SIN-1, respectively), all of which were downregulated upon chloroquine or chloroquine/SIN-1 treatment. Furthermore, insulin receptor-related protein, the receptor involved in activation of IRS1 and PKT1/PKB pathway but not shown in the corresponding KEGG pathway map, was significantly downregulated as well (0.6- and 0.03-fold for chloroquine alone or in combination with SIN-1, respectively). The emerging role of the link between autophagy regulation, ER stress, insulin signalling, and development of insulin resistance is currently under investigation, especially in obesity related research [@bib48], [@bib49]. Similar to adipocytes, cardiomyocytes are insulin sensitive cells in which uptake of the circulating glucose from blood stream is tightly regulated via cross-talk between insulin signalling and GLUT4 transporter externalization on plasma membrane [@bib50]. It is generally viewed that conditions leading to ER stress might result in the induction of autophagy which helps to maintain cellular homeostasis by degrading unfolded and damaged proteins. Impairment of ER stress-induced autophagy can result in insulin resistance via dysregulation of several signalling pathways. Interestingly, autophagy induced downregulation of insulin receptor was shown to contribute to ER stress mediated insulin resistance in adipocytes [@bib48].

Diacylglycerol kinase gamma, an enzyme involved in phospholipid metabolism was already upregulated 1.5-fold upon 3-MA treatment and showed upregulation in the case of chloroquine (1.4-fold) and SIN-1 (2.2-fold) as well. Furthermore, treatment with chloroquine/SIN-1 also resulted in upregulation of diacylglycerol O-acyltransferase 2 (DGAT2; 1.1- and 1.8-fold for chloroquine alone or in combination with SIN-1, respectively). Interestingly, the DGAT1 isoform of this enzyme was shown to be responsible for the lipid droplets accumulation during starvation in a number of cell types. The DGAT1-mediated synthesis of triacylglycerides (TGs) and thus biogenesis of TG-rich LDs was shown to be an important mechanism in preventing cytotoxicity triggered by increased amount of intracellular free fatty acids and corresponding acylcarnitines released by autophagy-lysosomal degradation of cellular organelles [@bib51], [@bib52].

Treatment with orlistat and orlistat/SIN-1 resulted in regulation of 143 proteins and showed functional enrichment similar to chloroquine exposure based mostly on the same regulated proteins entries for Parkinson disease and cGMP-PKG KEGG pathways ([Table 1](#t0005){ref-type="table"} and [S4](#s0110){ref-type="sec"}). Interestingly, no upregulation for both diacylglycerol kinase and DGAT proteins was observed in cells treated with lipase inhibitors, indicating the stopping of the flux of autophagy-lysosomal degradation by inhibiting lipase activity results probably in reduced levels of released free fatty acids and thus no enzymes involved in their re-esterification into PL or TG are required under this condition.

The largest number of differentially regulated proteins (350) was detected upon E64/pepstatin A treatment ([Table S5](#s0110){ref-type="sec"}). Functional annotation resulted in enrichment of 18 KEGG pathways including some previously described for chloroquine and orlistat treatments as well as a number of new pathways including regulation of tight and adherent junctions, vascular smooth muscle contraction, regulation of actin cytoskeleton and focal adhesion indicating major reconfiguration of cardiac cell morphology and mobility upon proteases inhibition in starved cells ([Table 1](#t0005){ref-type="table"}). Furthermore, several lipid metabolism and signalling pathways were shown to be regulated. Thus, E64/pepstatin treatment resulted in regulation of sphingolipid signalling pathway involving downregulation of sphingosine-1-phosphate lyase 1 (0.5- and 0.3-fold), and slight upregulation of ERK1 (1.2-fold in E64/pepstatin treatment together with SIN-1) and ERK-activating kinase MEK2 (1.6- and 1.8-fold for protease inhibitors alone or in combination with SIN-1, respectively). Proteins involved in fatty acid degradation pathway were generally downregulated including alcohol dehydrogenases 1 (0.3- and 0.1-fold) and 6 (0.1- and 0.04-fold), as well as acyl-CoA acetyltransferase (0.7- and 0.5-fold) and long-chain-fatty-acid-CoA ligase 3 (0.2- and 0.002-fold for protease inhibitors alone or in combination with SIN-1, respectively). Interestingly, insulin signalling pathway showed even higher enrichment than in chloroquine treated cells and was represented by 11 regulated proteins, the majority of which showed downregulation similar to chloroquine treatment condition however, few including tuberous sclerosis 1 protein homolog (TSC1) or hamartin were significantly upregulated (1.8- and 2.4-fold for protease inhibitors alone or in combination with SIN-1, respectively). Notably, treatment with protease inhibitors upon starvation resulted in significant upregulation of GLUT1 transporter (1.3- and 1.6-fold for protease inhibitors alone or in combination with SIN-1, respectively). Cardiac myocytes express mainly two types of glucose transporters -- GLUT1 and GLUT4. GLUT1 on plasma membrane is mainly responsible for basal glucose uptake. GLUT4 is stored in the intracellular vesicles and translocated to the plasma membrane upon insulin stimulation. In adult hearts GLUT4 represents the main isoform and is the primary glucose transporter. GLUT1 increase in expression is a known hallmark of different pathological conditions including hypoxia where HIF-1 directly binds to the GLUT1 promoter. Both insulin and energy status (e.g. availability of free FAs) are important determinants of GLUT1 expression. GLUT1 expression was also shown to be stimulated by oxidative stress exposure [@bib53]. In our cellular model of starvation accompanied by inhibition of proteolysis, deficiency in amino acid substrates might result in down regulation of insulin signalling and switch to insulin independent glucose uptake via upregulation of GLUT1 transporter.

4. Conclusions {#s0095}
==============

Using a cardiac cell culture model of starvation-induced autophagy, we evaluated the effect of four inhibitors along the autophagy-lysosomal degradation pathway on the accumulation of carbonylated biomolecules. We demonstrated that inhibition of autophagosome-lysosomal fusion and lysosomal acidification as well as inhibition of cellular lipases and proteases resulted in significantly higher intensity of total cellular carbonylation independent from the short pulse of SIN-1 treatment. Carbonyl specific signals accumulated in the form of droplet- or vesicle-like structures coinciding with Nile Red positive staining in treated cells. Using western blot detection of four different types of protein modifications associated with introduction of carbonyl functional groups, we could demonstrate that only inhibition of cellular proteases resulted in slightly elevated, but still not statistically significant, signals of protein-bound carbonyls. In contrast, neither chloroquine nor orlistat exposure, although showing significantly higher total cellular carbonylation levels, revealed any increase in protein-bound carbonyls, at least for the set of protein modifications screened in the study. Analysis of systems-wide proteome regulation was performed using relative label free quantitative bottom-up proteomics which allowed the detection of the up- and downregulation of several well-known markers of the autophagic pathway including p62, BAG5, and TP53INP1 proteins. Furthermore, we observed upregulation of DGAT2 protein, isoform 1 of which was already reported as an important regulator of lipid metabolism in starved cells in association with the formation of lipid droplet responsible to reduce lipotoxicity. Interestingly, proteomics results indicated the existence of a cross-talk between autophagy, its inhibition and the insulin signalling pathway, a phenomenon previously reported in adipocytes and associated with development of insulin resistance. Furthermore, upregulation of GLUT1 transporter was detected in protease inhibitors-treated cells. Surprisingly, proteomics analysis did not reveal any significant functional enrichment in lipase inhibitor-treated cell, although this exposure resulted in high level of intracellular carbonyls associated with Nile Red positive droplet-like structures. Further investigations using systems-wide lipidomics analysis might facilitate understanding of cellular regulations in this condition.
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